Magic angle spinning solid-state nuclear magnetic resonance spectroscopy techniques are applied to the elucidation of the local physical structure of an intermediate product in the plasma-enhanced chemical vapour deposition of thin-film amorphous hydrogenated boron carbide (B x C:H y ) from an orthocarborane precursor. Experimental chemical shifts are compared with theoretical shift predictions from ab initio calculations of model molecular compounds to assign atomic chemical environments, while Lee-Goldburg cross-polarization and heteronuclear recoupling experiments are used to confirm atomic connectivities. A model for the B x C:H y intermediate is proposed wherein the solid is dominated by predominantly hydrogenated carborane icosahedra that are lightly cross-linked via nonhydrogenated intraicosahedral B atoms, either directly through B-B bonds or through extraicosahedral hydrocarbon chains. While there is no clear evidence for extraicosahedral B aside from boron oxides, ∼40% of the C is found to exist as extraicosahedral hydrocarbon species that are intimately bound within the icosahedral network rather than in segregated phases.
Introduction
Owing to their unique chemical, electrical, thermal, and mechanical properties, boron-rich carbide (BC) thin films have generated significant interest as heterostructure materials in high-temperature thermoelectric energy converters [1] [2] [3] [4] , as low-k dielectric materials for ultra-large-scale integrated circuits [5, 6] and as p-type semiconductors for directconversion solid-state neutron detectors [7] . Of the many methods developed for the fabrication of BC films [8] [9] [10] [11] [12] [13] [14] , the plasma-enhanced chemical vapour deposition (PECVD) of BC from the sublimed vapour of the single-source solid precursor orthocarborane (1,2-C 2 B 10 H 12 , 1a) stands out as a reliable route to high-resistivity (10 10 -10 13 cm) devicequality films [15] [16] [17] [18] [19] [20] [21] . This method produces hydrogenated B x C:H y films with a relatively narrow range of B x C stoichiometries (x ≈ 2-5) (compared to the wider range possible when using individual C-and B-containing precursors) [11] , which do not show evidence of segregated carbon phases known to reduce bulk electrical resistivity [22] as commonly observed in BC films prepared by other methods [23] [24] [25] [26] [27] . This method, however, produces films with a range of mesostructures [8, [28] [29] [30] and variable hydrogen content [31, 32] as a function of growth conditions and post-growth thermal treatment. Invariably, differences in stoichiometry, short-range physical structure, as well as intermediate-and long-range physical order, lead to variations in the mechanical, electronic structure, and electrical carrier transport properties of the films. To optimize these properties for device integration, a deeper understanding of the plasma chemistry, film-growth mechanism(s), and resulting physical structure of the thin-film product as a function of growth conditions is desirable, but acquiring this knowledge has remained a longstanding challenge.
In interpreting the physical structure of B x C:H y solids, it is first instructive to consider the molecular structure of nonhydrogenated crystalline boron-rich carbides, B x C. Boron-rich solids are structurally unique owing to their tendency to form deltahedra-based covalently bound extended molecular solids [33] [34] [35] . The crystal structure of B x C is based on the α-rhombohedral boron lattice, with twelvevertex icosahedra at the vertices of a rhombohedral unit cell, and a three-atom chain running along the crystallographic c axis (see figure 1) . In each icosahedron, atoms at six 'polar' sites are bound directly to neighbouring icosahedra, while atoms at six 'equatorial' sites are bound to the three-atom chain. Crystalline B x C can accommodate stoichiometries ranging from B 4.3 C to B 11.2 C without undergoing a phase change. It is generally agreed that at the carbon-rich limit (B 4.3 C), the dominant atomic distribution consists of B 11 C icosahedra and C-B-C chains; as the relative boron content increases, carbon atoms are systematically displaced [36, 37] .
In the PECVD growth of B x C:H y films, the chemistry that occurs when gaseous orthocarborane is introduced into the reactive Ar + /e − plasma is not well understood. Possible reactions include the removal of H atoms to form reactive closo-icosahedral species, or the fragmentation of icosahedra into reactive open-cage species (e.g., 11-vertex nido or 10-vertex arachno boranes), smaller molecular fragments, and/or atomic constituents [30, [38] [39] [40] . The subsequent condensation of icosahedra to each other directly through a single bond or through intericosahedral groups (e.g., the three-atom chain in B x C), or the reassembly of atoms or fragments into icosahedra-based phases, other n-vertex closo, nido, or arachno deltahedra-based phases, or other low-total-energy molecular networks (e.g., amorphous B or C) may then follow. Importantly, B x C:H y films grown from PECVD are expected to differ from bulk or thin-film B x C for at least two reasons: (1) the precursor contains two intraicosahedral carbon atoms to begin with, whereas in B x C the vast majority of icosahedra are expected to contain only one C atom or less; and (2) if hydrogen is incorporated, it must fundamentally alter the molecular network through bond formation to C or B, barring the possibility of interstitial hydrogen (in B x C, all intraicosahedral C or B atoms are bound to either another icosahedron or the three-atom chain).
The traditional tools available for characterizing the physical structure of B x C:H y solids are limited. Diffraction techniques (x-ray, neutron, electron) have provided minimal information, particularly in the case of the amorphous films [41] , but also in the case of more ordered films which tend to exhibit a mixture of phases [28] and intrinsic disorder. Techniques such as x-ray photoemission spectroscopy (XPS) [42] , extended x-ray absorption fine structure (EXAFS) spectroscopy [23] , electron energy loss near-edge structure (ELNES) spectroscopy [43] , inner-shell electron energy loss spectroscopy (ISEELS) [44] , and electron probe microanalysis (EPMA) [45] have provided some insight into local coordination environments, but their resolution, cross section, or reciprocal-to-real transform space is low, limiting the nearest-neighbour physical structure sensitivity. Fourier-transform infrared (FT-IR) spectroscopy has provided relatively useful functional group information based on the presence of local vibrational modes [32, [46] [47] [48] [49] [50] [51] . Solid-state nuclear magnetic resonance (SSNMR) spectroscopy is a versatile technique for studying the short-range chemical and physical structure as well as the intermediate-range connectivity of solids [52] . This technique has been applied fruitfully to the enduring challenge of discerning B/C substitutional disorder in crystalline BC [53] [54] [55] [56] [57] [58] [59] . Modern magic angle spinning (MAS) SSNMR techniques are being increasingly applied to the study of amorphous materials, such as hydrogenated amorphous carbon (a-C:H) [60] [61] [62] [63] and mesoporous boron carbon nitride (BCN) [64] , but have so far not been fully exploited [48, 61] in the characterization of amorphous hydrogenated-boron-carbide-based solids.
Herein, we apply a variety of MAS-SSNMR techniques to the analysis of an intermediate product formed during the PECVD growth of B x C:H y films from orthocarborane. Knowledge of this intermediate product is important in ultimately controlling the film growth: it provides a means of furthering our understanding of the plasma reaction mechanism(s) by bridging the gap between what occurs after the sublimation of the initial stable orthocarborane precursor and before the formation of the final thin-film product. The determination of 11 B, 13 C and 1 H chemical shifts (δ) from direct-excitation, cross-polarization (CP), and 2D SSNMR studies and their comparison with theoretical chemical shifts of model chemical compounds calculated using density functional theory (DFT) gives information about the different types of atomic chemical environments in the solid. Additionally, Lee-Goldburg cross-polarization (LG-CP) and other heteronuclear recoupling MAS-SSNMR experiments assist in the elucidation of B-H, C-H, and B-C connectivities. Taken together, the results provide important and needed insight into the local chemical and physical structure of this intermediate B x C:H y PECVD product and, by extension, the PECVD growth process.
Experimental methods

Material preparation and characterization
The B x C:H y intermediate product was prepared by the reaction of orthocarborane vapour in a 200 mTorr argon background in our custom-built capacitively coupled PECVD reactor. The solid orthocarborane precursor was sublimed using a custom solid-source bubbler held at 72 ± 2 • C, and an argon carrier gas, preheated to 90 • C, was passed through the bubbler at a flow rate of 10 sccm. The gaseous argon/carborane mixture was then delivered to the reactor via a shower head, also forming the positive electrode (30 W at 13.56 MHz) to the capacitively coupled PECVD system. In addition to the thin film that forms on the opposite grounded and heated (350 • C) electrode, a homogeneous off-white powder is formed just on the periphery of the main plasma reaction and is what we have labelled the intermediate product, hereafter X.
Quantitative x-ray photoemission spectroscopy was performed on a powder sample of X on graphite tape using a Kratos Axis HS. The Kratos was operated in hybrid mode using 1487 eV photons produced from Al Kα emission, and the analyser pass energy was set to 80 eV. The concentration analysis was performed by integrating the cross-section-normalized Gaussian peaks of the relevant core levels both manually and by CasaXPS, and the results were found to be within a maximum of 2% of each other; the CasaXPS values are reported here. Elemental analysis of X for B, C, H, and N was performed by Columbia Analytical Services by combustion (C, H, N) and ICP (B) analysis. FT-IR spectra were acquired at room temperature with a Thermo Scientific Nicolet is10 spectrometer using a Smart iTR attenuated total reflectance sampling accessory on which the solid powders were detected directly with automatic atmospheric suppression.
Computational methods
The geometries of the orthocarborane-based model compounds (see figure 3 below and table S1 in the supplementary data available at stacks.iop.org/JPhysCM/23/435002/ mmedia) were optimized with density functional theory at the B3LYP/6-31G(d,p) level of theory using Gaussian 03 [65] . Frequency calculations were performed on all compounds to verify that these were minima on the potential energy surface; no imaginary frequencies were observed, except in the case of compounds 2a-e, which displayed one. Isotropic chemical shifts were calculated with the gauge-independent atomic orbital (GIAO) method at the same level of theory with the SCF = tight full convergence specification. Electric field gradient (EFG) parameters were also calculated, from which were determined the quadrupole coupling constants (Q cc ) and their associated asymmetry parameters (η). All C nuclei were specified as 13 13 C chemical shifts for ortho-, meta-, and paracarborane (1a-c) are all within 1 ppm of the experimental shifts [66] , while the calculated 11 B shifts for orthocarborane are only slightly upfield (2-4 ppm) from the experimental shifts. Similar differences are observed for the experimentally known compounds 5b and 5c [67] . The good correspondence between the experimental and calculated shifts of these known model orthocarborane-based compounds suggests that the theoretical shifts calculated for the other model orthocarborane-based compounds may be used with reasonable confidence to assign chemical environments in the experimental SSNMR spectra.
SSNMR methods
All the SSNMR spectra were acquired on an 8.45 T magnet with a three-channel Tecmag [68] Apollo console and homebuilt double-and triple-resonance SSNMR probes fitted with a 3.2 or 4 mm MAS module from revolution NMR [69]. 11 B spectra were acquired on the 3.2 mm probe with MAS at 20 kHz to provide the best resolution possible, while the 13 C spectra were acquired with the larger volume 4 mm probe (spinning at 10 or 12 kHz) to maximize the signal intensity ( 11 B LG-CP spectra were also acquired on the 4 mm probe for convenience). 11 B experiments were usually completed in a few hours or at most overnight in the case of the 2D experiments, but because of the low natural abundance of 13 C (1.1%) and the T 1 timescales involved, the 13 C experiments required between one and five days of acquisition time (e.g., the 13 C T 1 and REDOR (vide infra) curves each required five days of acquisition time). The 1 H, 11 B, and 13 C frequencies were 357.200 MHz, 114.602 MHz, and 89.821 MHz, respectively. All spectra were proton decoupled with >90 kHz continuous-wave (CW) decoupling unless otherwise noted in figure 2. The proton 90 • pulses were 4.75 µs prior to cross-polarization [70] [71] [72] , the typical 13 C and 11 B pulsed RF field strengths in triple-resonance mode were 44 and 33 kHz, respectively, and in double-resonance mode the 13 C/ 11 B RF field strength was 50 kHz or greater.
H Lee-Goldburg (LG).
References [73] [74] [75] . The 1 H LG homonuclear decoupling condition (effective LG field of 53 820 Hz) was achieved by setting the proton frequency offset at 31 134 kHz and using a 43 900 Hz RF field. The 13 C and 11 B LG-CP cross-polarization field amplitudes were experimentally optimized for maximum signal enhancement. The MAS frequency was 12 kHz.
2D 1 H-11 B CP. The 2D 1 H-11 B CP spectrum was obtained with 48 scans per t 1 slice, 4 µs 11 B dwell time, 20 µs 1 H dwell time, 128 phase sensitive t 1 data points (64 Re and 64 Im) achieved by alternating the 1 H CP phase between x and y with a constant t 1 on successive slices [76] , and a CP contact time of 50 µs.
Boron saturation recovery. Pseudo-saturation of the central transition was achieved by applying 200 1.5 µs pulses prior to t 1 (see figure 2(e)). The MAS frequency was 20 kHz. 13 C T 1 .
The carbon T 1 was measured using the crosspolarization sequence found in figure 2(f) [77] with a 600 µs CP contact time, so only the T 1 of 13 C peaks that resulted from CP transfer were measured. Since the recycle time in CP experiments is limited by the T 1 of protons in the sample, this allowed faster acquisition and higher signal/noise data than the corresponding direct-excitation experiment. This pulse sequence has the additional advantage that, because of the subtraction of the −Iz spectrum (at the beginning of t 1 ) from the +Iz spectrum that is achieved by the phase cycle, the data fitting is simplified because the long time behaviour of the exponential T 1 curve must approach zero (in practice, one less fitting parameter is required).
REDOR. The heteronuclear recoupling sequence REDOR (rotational echo double resonance) [52, 78, 79] in figure 2(h) was applied at 10 kHz MAS with N = 1, 2, 4 and 8 rotor periods of dephasing to probe for direct bonding between 13 C and 11 B atoms. The 13 C 180 • pulses were 11.4 µs, and the 11 B pulse was 16 µs.
Results
Material characterization
Both x-ray photoemission spectroscopy and elemental analysis were performed to investigate the chemical composition of X. XPS analysis of X indicates a molecular formula of B 2.7 :C:N 0.06 :O 0.5 . However, XPS is not able to quantify hydrogen, and it is possible that the C ratio was overestimated due to adventitious surface carbon. Elemental analysis of X indicates a molecular formula of B 3.6 :C:H 6.0 :N 0.1 :O 1.8 . Here, only B, C, H, and N percentages could be determined, and the weight percentage of the sample that was unaccounted for (33%) was attributed to O. However, since elemental analysis is notoriously problematic for boron-rich solids due to difficulties with combustion and/or digestion [35] , it is possible that the atomic percentage for O is overestimated relative to the atomic percentage for B, C, H, and N, or that there exist discrepancies in the relative B, C, H, and N atomic percentages. Overall, the analyses suggest that the material is relatively carbon rich with a B x C stoichiometry of x ≈ 2.7-3.6 and that it contains a significant amount of both hydrogen and oxygen, the latter likely originating from the 100 ppb O 2 and 200 ppb H 2 O contained in the Ar process gas, as the base vacuum pressure in the PECVD chamber reaches 4 × 10 −8 Torr after bakeout. It is known that boron carbide reacts with O 2 at high temperatures (i.e., above 450 • C) to form B 2 O 3 and CO 2 , which can react subsequently with H 2 O to form gaseous boric acids, HBO 2 and H 3 BO 3 [80] . Boron carbide films grown by PECVD are known to react with oxygen to form boron oxides during film deposition, even in the presence of very low quantities of oxygen and at low temperatures (i.e., room temperature to 150 • C), likely due to the reactive ionic species (e.g., O + [81] ) present in the plasma [82, 83] .
The FT-IR spectrum of X is distinctly different from those of orthocarborane [84] and decaborane [85, 86] (see figure S1 in the supplementary data available at stacks.iop. org/JPhysCM/23/435002/mmedia) and shares some features observed in previously reported amorphous hydrogenated boron carbide thin films [32, [46] [47] [48] [49] [50] [51] . Notably, peaks at 3068 and 2578 cm −1 can be assigned to C-H and B-H intraicosahedral stretching modes, which is consistent with a significant amount of hydrogenated icosahedral species. The rich spectral features in the FT-IR spectrum below 1700 cm −1 have not previously been assigned unambiguously and will be discussed in greater detail in a future publication. As regards the presence of oxygen in X, a strong, broad peak at ∼1460 cm −1 is diagnostic of the B-O stretching mode in B 2 O 3 and related compounds [87, 88] , which may be observable in the spectrum of X as a shoulder. Further, the broad peak observed in the 3100-3700 cm −1 range is diagnostic of O-H stretching vibrations, which suggests that a significant amount of the oxygen (and correspondingly a portion of the hydrogen) in the sample exists in the form of water or hydroxy groups. Specifically, the presence of a maximum at ∼3230 cm −1 supports the presence of a BOH functionality, found in boron oxides [87, 88] .
Computational results
In order to tentatively assign the different B, C, and H chemical environments in X using our experimental SSNMR results, the theoretical chemical shifts for a series of orthocarborane-based model compounds were calculated using DFT. Although far from exhaustive, this series of model compounds represents a range of plausible local chemical/physical structure permutations which, through comparison with empirical SSNMR data, will allow us to narrow in on the true atomic structure of the B x C:H y intermediate, X. The optimized geometries for the calculated molecules are shown in figure 3 . The molecular models considered include ortho-, meta-, and paracarborane (1a-c), orthocarborane with a pendant CH 3 group at each of the five chemically distinct B or C vertices (2a-e), orthocarborane with pendant terminal hydrocarbon (C n H 2n+1 , n = 2) or borane (B n H n+1 , n = 2) groups (2f-i) at the C1 or B3 positions, a selection of known, energetically stable [89, 90] open-cage 11-vertex nido (3a-f) and 10-vertex arachno (4a-e) (car)borane fragments containing no, one, or two C atoms, C 2 B 10 H 11 icosahedra bound to each other directly through B-B, C-C or C-B bonds (5a-c) at the C1 or B3 positions, and C 2 B 10 H 11 icosahedra connected through one-(6a-d, 7), two-(8a-d), or three-atom (9a) hydrocarbon (C n H 2n ) or borane (B n H n ) chains at the C1 or B3 positions, or a three-atom CH 2 BHCH 2 chain (9b) at the B9 position.
Representative chemical shifts and shift ranges for the model compounds are tabulated in table S1 (see supplementary data available at stacks.iop.org/JPhysCM/ 23/435002/mmedia). Since a large number of compounds were modelled, only the salient trends are summarized here. The calculated 11 B shifts for orthocarborane are −18.7, −16.8, −11.6, and −4.0 ppm for the four chemically inequivalent B environments, where the more upfield shifts at −18.7 and −16.8 ppm correspond to B atoms bound to intraicosahedral C atoms. According to our calculations, the chemical shifts for intraicosahedral B are not significantly perturbed when orthocarborane is functionalized. The largest effects are predicted to occur for the B atoms that serve as functionalization sites. When an intraicosahedral B atom is bound directly to a neighbouring icosahedron rather than a proton, its predicted 11 B shift moves slightly downfield (e.g., by 4 ppm in 5a and 7 ppm in 5c) relative to that in orthocarborane; if bound to an extraicosahedral hydrocarbon or borane group, it shifts downfield by ∼9 ppm (e.g., in 2b-2f) or ∼6 ppm (e.g., in 2h and 6c), respectively. All of the calculated shifts for intraicosahedral B atoms therefore fall within a range of −20 to 5 ppm, which is narrow considering the linewidth of the 11 B signal (vide infra). The range of predicted 11 B shifts for the nido and arachno compounds is somewhat wider, with the majority falling between −40 and 0 ppm, and a few situated as upfield as −50 ppm or as downfield as 15 ppm. The 11 B shifts for terminal and bridging B n H n+1/n groups are predicted far more downfield, however, at ∼70-110 ppm. The predicted 1 H shifts for protons bound to intraicosahedral B fall consistently between 1.9 and 3.3 ppm. For nido and arachno compounds, the predicted shifts for the common µ-H bridging (B-H-B) protons (e.g., in 3b, 3c, 3e, and 3f) are notably distinct, situated upfield between −4.5 and −2.4 ppm. The predicted 1 H shifts for terminal and bridging borane groups, on the other hand, fall downfield, between 6 and 11 ppm. The theoretical 13 C shifts for intraicosahedral C atoms demonstrate greater sensitivity to orthocarborane functionalization. For intraicosahedral C atoms in functionalized orthocarborane not bound directly to functional groups, the calculated chemical shifts vary between 47 and 60 ppm (compared to 54 ppm for orthocarborane). If an intraicosahedral C atom is bound directly to an adjacent icosahedron (e.g, 5b) or terminal/bridging hydrocarbon or borane groups (e.g., 6b, 6d) rather than a proton, its predicted chemical shift moves downfield as far as 75 ppm. Interestingly, however, the chemical shift for an intraicosahedral C atom in a hexacoordinate C-B 4 CH coordination environment (as in orthocarborane, 1a) is essentially the same as that for one in a hexacoordinate C-B 5 H coordination environment (as in metacarborane, 1b), which indicates that when it comes to the local chemical environment within the icosahedra, proximity to C versus B does not have a significant effect on the 13 C chemical shift. The 13 C shifts for C atoms in nido and arachno carboranes are strongly dependent on the local environment; those calculated for the 3a-f and 4c-e models range from 16.9 to 132.7 ppm. Finally, terminal CH 3 groups exhibit calculated 13 C shifts between 1 and 3 ppm when bound to intraicosahedral B (as in 2b-2e) but a shift of 26.3 ppm when bound to intraicosahedral C (as in 2a). Terminal CH 2 CH 3 groups exhibit calculated methylene (CH 2 ) and methyl (CH 3 ) 13 C shifts, respectively, at 9.3 and 13.3 ppm when bound to intraicosahedral B (as in 2f) and 32.8 and 12.8 ppm when bound to intraicosahedral C (as in 2g). The predicted 13 C shift for a bridging CH 2 group bound to two icosahedra via intraicosahedral B (as in 6a) is 4.4 ppm, while that for a CH group connecting three icosahedra via B (as in 7) is nearly equivalent at 3.6 ppm. The calculated 13 C shift for a bridging CH 2 group bound to two icosahedra via intraicosahedral C (as in 6b), on the other hand, is 46.4 ppm. For larger C n H 2n bridging chains (e.g., 8a, 8b, 9a), 13 C shifts are predicted between 18 and 36 ppm.
The calculated 11 B quadrupolar coupling constants (Q cc ) for orthocarborane fall between 1.1 and 1.6 MHz (η = 0.09-0.59) and exhibit minimal perturbation upon icosahedral functionalization (see . Both spectra were normalized to maximum intensity. Bottom: the difference between the two above spectra. display significantly higher calculated Q cc values, which range from 4.5 to 5.0 MHz.
SSNMR results
The direct-excitation 13 C SSNMR spectrum of intermediate X ( figure 4(a) ) displays peaks at 0, 12, and 57 ppm, with 13 C T 1 relaxation times of 26 ± 7, 30 ± 7, and 29 ± 4 s, respectively, indicative of C atoms in at least three different chemical environments. The relative peak area integrations for the peak at ∼55 ppm versus the combined peaks at ∼5 ppm are 61 ± 8% and 39 ± 6% which, as determined here, are semiquantitative measures of the relative amounts of C atoms in the different chemical environments. The 1 H-13 C cross-polarization spectrum for the same sample ( figure 4(b) ) displays intensity for each of the three signals, which indicates in all cases a nearby (≤3-4Å) hydrogen atom (for comparison, an average C-H bond length is 1.1Å [91] ). The direct-excitation 11 B SSNMR spectrum for X, shown in figure 5 , exhibits a broad, featured isotropic peak centred at −16 ppm with a full-width at half-maximum (FWHM) of ∼30 ppm and an 11 B T 1 relaxation time of 370 ± 20 ms, determined by saturation recovery. The corresponding 1 H-11 B CP spectrum, displayed on top of the direct-excitation spectrum in figure 5 , exhibits a narrower isotropic peak, also centred at −16 ppm, but with a FWHM of ∼20 ppm. The similarity between the direct-excitation and cross-polarization spectra suggests that a majority of the B in the sample is protonated. Although not strictly accurate because of the orientation dependence of the CP transfer, the normalized CP spectrum was subtracted from the normalized direct-excitation spectrum to get an estimate of the relative contributions of protonated and nonprotonated B; the difference is shown at the bottom of figure 5. It is evident that a small amount of spectral intensity remains in the more upfield region, centred at ∼−25 ppm, and a more significant amount of spectral intensity remains in the more downfield region, centred at ∼5 ppm. This suggests that there is some contribution to the 11 B SSNMR signal from nonprotonated B atoms with an average chemical shift further downfield than that of the protonated B atoms. In addition, two sharper features at 2 and 14 ppm are evident in the direct-excitation spectrum only, which may represent the 'horns' of a second-order quadrupolar lineshape belonging to a compound with a longer T 2 . Indeed, these features likely corroborate the presence of the B 2 O 3 oxidation product in X, which has a Q cc value of ∼2.7 MHz and exhibits a chemical shift and lineshape consistent with the features observed in the direct-excitation 11 B NMR spectrum of X [92, 93] , and possibly some contribution from H 3 BO 3 [94] . The subtraction above effectively assumes that all of the signal intensity at −16 ppm is due to protonated B-a poor, but useful assumption because it allows for an estimation of an upper limit of three protonated B atoms for every nonprotonated B atom based on the integrated areas. Two features of the 11 B spectra are particularly noteworthy.
(1) First, these spectra, for the most part, do not exhibit sharp spectral features-the peaks are significantly broadened. This broadness indicates that the lineshape is dominated either by a fast T 2 mechanism or significant chemical shift heterogeneity (indicating significant heterogeneity of B sites in the sample), or possibly both. A fast T 2 is consistent with the presence of unpaired electron spin density, which gives rise to an observed EPR signal (data not shown; similar effects have been noted in BC [95] and C:H [63] thin films), as well as the probable cross-coupling between the multiple B-B dipolar couplings and quadrupolar couplings for intraicosahedral B [96, 97] . (2) Second, these spectra do not exhibit pronounced second-order quadrupole lineshapes expected for a Q cc > 1 MHz (with the exception of the nonprotonated B residual which could be interpreted to include a second-order lineshape for a large Q cc ). This is likely due to the aforementioned fast T 2 mechanisms which will obscure the second-order effects for the 1.1-1.7 MHz Q cc expected in intraicosahedral B (see figure S2 in the supplementary data available at stacks.iop.org/JPhysCM/23/ 435002/mmedia). 1 H-13 C Lee-Goldburg cross-polarization (LG-CP) buildup curves are shown in figure 6 for the peaks at 57, 12, and 0 ppm (panels (a), (b), and (c), respectively). The presence of a signal at early contact times indicates that, in all cases, the associated C atom is directly bound to a proton. The curve for the signal at 57 ppm ( figure 6(a) ) is characteristic of a CH n group [74] . The flattening of the curves in figures 6(b) and (c) may indicate the presence of C atoms with overlapping chemical shifts in different chemical environments (some of which may not be directly protonated) for the peaks at 12 and 0 ppm. Early signal intensity in the 1 H-11 B LG-CP curve ( figure 6(d) ) also indicates an environment in which B atoms are directly bound to protons. The 2D 1 H-11 B plot in figure 6(e) confirms that only one dominant 1 H-11 B correlation exists-between protons with a chemical shift centred at 2-3 ppm and boron atoms with chemical shifts in the −15 to −20 ppm range.
The REDOR spectra in figure 7 (a) yield information about the proximity of the 13 C and 11 B nuclei. The significant difference observed between the control (S 0 ) and the 11 B-dephased (S) signal intensities for the peak at 57 ppm indicates that the associated C atom is definitely bound to one or more B atoms. For the peaks at 0 and 12 ppm, the fact that no difference is observed between the S 0 and S signals indicates that the associated C atoms are not bound to B. For the peak at 0 ppm, however, the signal-to-noise ratio is particularly low, so this conclusion is not definitive. Another noteworthy aspect of the plots in figures 7(b)-(d) is the relative trends in signal decay. For the peak at 57 ppm ( figure 7(b) ), a relatively fast decay to zero intensity is indicative of a shorter T 2 relaxation time, and likely proximity to a B atom-or, as expected for intraicosahedral C, up to five B atoms (vide infra)-since the presence of a nearby quadrupole typically speeds relaxation of 13 C species. The lack of decay to zero intensity for the signal at 12 ppm ( figure 7(c) ), in contrast, may indicate a longer T 2 relaxation time and corroborate the absence of nearby B atoms for the associated C atom(s). Finally, the moderate decay of the signal at 0 ppm ( figure 7(d) ) may be consistent with an intermediate T 2 value and possibly the proximity to only one or two B atoms. This interpretation would be consistent with the small difference in S 0 and S signals observed for this peak.
Discussion
From the combined SSNMR results, we can begin to piece together a picture of the local physical structure of intermediate X. Although both fall within a similar spectral window and have a similar spectral shape (i.e., a prominent shoulder in the higher ppm region), the 11 B MAS-SSNMR spectrum for the B x C:H y intermediate, X, (figure 5) is different from that of a typical B 4.3 C sample [56] [57] [58] in two ways. First, the dominant peak in the spectrum of X, attributed to intraicosahedral B, is shifted ∼10 ppm further upfield (at −16 ppm) than that in the spectrum of B 4.3 C (at −6 ppm [57] ). Second, the linewidth of the peak is greater in the case of the intermediate B x C:H y product (FWHM of 30 ppm for X versus 10-15 ppm for B 4.3 C [58] ). Mauri et al [59] predict lower intensity (specifically, 1/11th intensity) peaks at 66-67 ppm for the central B atom in the extraicosahedral C-B-C chains of B 4.3 C; however, experimental reports of additional 11 B signal intensity are inconsistent and varied (e.g., Kirkpatrick et al [56] report weak peaks at 85 and 130 ppm, while Harazono et al [57] report weak peaks at −60 and 37 ppm). We do not observe any signal above the noise in these regions. It should also be noted that we do not observe distinct peaks that can be associated with open-cage icosahedral fragments (e.g., at 15 ppm or between −40 and −50 ppm), nor do we observe any that can be associated with terminal or bridging borane groups (i.e., at ∼70-110 ppm), as would be expected for these chemical environments on the basis of our model compound calculations (vide supra). 2D 1 H-11 B correlation spectroscopy (figure 6(e)) corroborates the above discussion, as no BH correlations are observed between −4.5 and −2.4 ppm for µ-H protons in nido or arachno compounds nor between 6 and 11 ppm for extraicosahedral borane (B n H n ) chains. The absence of extraicosahedral B in X is not definitive, however, due to the fact that extraicosahedral borane is expected to have a large Q cc (∼5 MHz) which causes significant line broadening (see figure S2 in the supplementary data available at stacks.iop. org/JPhysCM/23/435002/mmedia); this broadening would make the spectral detection of dilute extraicosahedral B species unlikely because of signal-to-noise considerations.
The dominant peak in the 11 B SSNMR spectrum for B [48] is consistent with X containing more intraicosahedral C. Importantly, the data suggest that the relative ratio of protonated-to-nonprotonated intraicosahedral B atoms in X is at most 3:1, which indicates at least some cross-linking via B in the amorphous icosahedral network. For B 4.3 C, the 13 C SSNMR peaks between ∼0 and 15 ppm have been assigned to extraicosahedral chain-end C atoms in the three-atom C-B-C chain, and the peak at ∼80 ppm to intraicosahedral C atoms [59] . For B x C:H y intermediate X, we observe peaks with similar shifts in the lower ppm region (at 0 and 12 ppm), but instead of a peak near 80 ppm, we observe a strong, broad peak at 57 ppm ( figure 4(a) ). This peak exhibits a chemical shift similar to that of orthocarborane (54 ppm), and can clearly be assigned to a protonated intraicosahedral C atom for two reasons: (1) a chemical shift between ∼50-60 ppm is characteristic of a protonated intraicosahedral C atom, while a chemical shift of ∼60-80 is characteristic of a nonprotonated one-as confirmed by both experimental and theoretical results-and (2) cross-polarization experiments provide evidence that this peak is associated with a CH n group (see figures 4(b) and 6(a)). It should be noted that there is no indication of rapidly reorienting orthocarborane [98] in the case of X, as seen in the MAS-SSNMR spectrum of the pure orthocarborane starting material as a very narrow peak at 54 ppm. It should also be noted that the peak at 57 ppm cannot definitively be assigned to an orthocarborane-based species rather than, for example, a metacarborane-or B 11 C-based species, as all of their 13 C shifts are expected to fall within a very narrow range. The 13 C SSNMR spectrum of the B x C:H y intermediate product analysed here is also different from that of the previously reported amorphous hydrogenated boron carbide film grown from B 2 H 6 /CH 4 /H 2 [61] , which exhibits a strong peak at 15 ppm and a weak peak at 140 ppm-the latter being tentatively assigned to sp 2 amorphous C. Evidently, the B x C:H y intermediate product formed from orthocarborane retains a large amount of intraicosahedral C, which does not occur in films fabricated from separate gaseous B-and C-containing precursors. Perhaps more interesting than the origin of the 57 ppm peak in the 13 C SSNMR spectrum of X is the origin of the two more upfield peaks at 0 and 12 ppm. For these peaks, we definitively see evidence of protonation at the associated C sites from CP experiments (see figures 4(b), 6(b), and (c)), although it is possible that overlapping signals are present here which might originate from multiple CH n or nonprotonated C chemical environments. From our calculations, the only molecular models with 13 C shifts predicted near 0 ppm are those which contain CH n groups bound to two or more icosahedra via B atoms (e.g., 6a or 7) in which the 13 C shift falls at ∼4 ppm, or terminal CH 3 groups bound to intraicosahedral B (e.g., 2b-2e) in which the 13 C shift falls between 1 and 3 ppm. We therefore propose that these are good molecular models for the local chemical environment of extraicosahedral C in the B x C:H y intermediate product X. 13 C shifts for extraicosahedral hydrocarbon groups bound to intraicosahedral C atoms (e.g., 2a or 6b), or C n H 2n bridging groups with n > 1 (e.g., 8a, 8b, 9a), are predicted further downfield; these types of hydrocarbon groups are therefore not expected in X on the basis of the 13 C SSNMR results. The peak at 12 ppm appears to also belong to a CH n group according to CP experiments ( figure 6(b) ), but unlike the peak at 0 ppm is clearly not attached directly to any B atoms according to REDOR experiments (figures 7(a) and (c)). From our DFT calculations, we found that the methyl (CH 3 ) 13 C shift for a terminal CH 2 CH 3 group bound to a B 10 C 2 icosahedron is predicted at 13 ppm, regardless of whether the CH 2 CH 3 group is bound to intraicosahedral B (2f) or C (2g). (The calculated methylene (CH 2 ) shift, on the other hand, moves from 9.3 ppm for 2f to 32.8 ppm for 2g.) In fact, a chemical shift of 10-15 ppm is diagnostic of a CH 3 group bound to a hydrocarbon group in general [99] . The peak at 12 ppm could therefore originate from, among other possibilities, the CH 3 groups in a segregated hydrocarbon phase like hydrogenated amorphous carbon [63] ; however, we believe the presence of a-C:H is unlikely because we do not see evidence of any corresponding sp 3 CH 2 chemical shifts, expected at ∼30-40 ppm, nor do we see evidence of sp 2 C peaks, expected at ∼130-140 ppm [63] . We therefore propose that it is more likely that the hydrocarbon signal observed at 12 ppm belongs to a C species integrated intimately within the icosahedral network, with fitting molecular models being the terminal CH 2 CH 3 group in 2f or a bridging B-C(CH 3 )-B group connecting two icosahedra via B. Additional evidence for the assignment of the peak at 12 ppm to a terminal methyl group is the relative narrowness of the peak, which is consistent with a freely rotating sp 3 C n H 2n+1 chain; in contrast, C atoms in cross-linked icosahedra or bridging hydrocarbon chains would be expected to exhibit broader MAS-SSNMR peaks, as observed for the peaks at 57 and 0 ppm. We further note that no signals for oxygen-bound carbon can be specifically identified (i.e., at 185-220 ppm for C=O and 40-80 ppm for C-O [99] ), consistent with the expected formation and evolution of gaseous CO 2 upon oxidation during the growth of X. Finally, from peak integration data for the direct-excitation 13 C SSNMR spectrum, we can conclude that the ratio of intra-to extraicosahedral C is roughly 3:2. In other words, for every three B 10 C 2 icosahedra, we expect four extraicosahedral C atoms. On the basis of the above discussion, we tentatively propose a physical structure model for the B x C:H y intermediate product, X, in figure 8.
Summary and future work
In summary, we have constructed a tentative model for the physical structure of the B x C:H y intermediate product, X, grown by PECVD from orthocarborane, from the results of 11 B and 13 C MAS-SSNMR studies. The proposed model, illustrated in figure 8 , is in line with the following:
• a B:C ratio of ∼3:1;
• an intra-to extraicosahedral C ratio of ∼3:2;
• a protonated-to-nonprotonated B ratio of ≤3:1, which indicates at least some cross-linking via intraicosahedral B (this may be more likely via intraicosahedral B that is not directly bound to intraicosahedral C);
• no strong evidence for extraicosahedral or open-cage borane species aside from boron oxides (although these are still possible as minor species);
• no evidence for significant amounts of deprotonated intraicosahedral C (and therefore no evidence for cross-linking via intraicosahedral C) nor for segregated amorphous C;
• good evidence for extraicosahedral hydrocarbon species, in particular bridging B-CH 2 -B and B-C(CH 3 )-B groups, or terminal B-CH 3 and B-CH 2 CH 3 groups, all bound to intraicosahedral B.
Future work will compare the local physical structureinferred from MAS-SSNMR studies-of the B x C:H y intermediate, X, with those of B x C:H y films fabricated using different PECVD conditions. We anticipate that these studies will provide important insights into the orthocarborane plasma chemistry, film-growth mechanism(s), and post-growth thermal treatment effects as they relate to the mechanical, electronic structure, and electrical carrier transport properties of thin-film B x C:H y . Further, the proposed physical structure provides an important model long-desired by computational groups. From the above study, it is clear that MAS-SSNMR spectroscopy is poised to become a critical tool in the characterization of amorphous-boron-rich solids and similarly complicated materials.
